Magnetic induction intensity is a critical factor to determine electromagnetic descaling effects.
INTRODUCTION
Electronic anti-fouling technology (EAFT) is a new kind of physical methods, which can be used in scale dissolution of recycle cooling water systems without polluting and low consumption. Generally, the system consists of a controlling unit and solenoid coil. When it works, pulsing electric field produced by the controlling unit of EAFT creates the timevarying magnetic field in the solenoid coil. Subsequently, the time-varying magnetic field produces an induced electric field in the circulating cooling water which provides the necessary molecular agitation to achieve a scale cleaning effect (Cho et al. b) .
Cho et al. () provided a scientific explanation for
the operating principle of the EAFT. Liu & Cho () found that the fouling resistance in the tube with the EAFT treatment was 46% less than in the one without the EAFT treatment at the end of 4 days testing, and the brush punching of the tube for the case with treatment resulted in zero fouling resistance. Kim et al. () conducted a fouling test in a rectangular heat-transfer channel at five cycles of concentration and found that the fouling resistance using EAFT treatment is about 70% less when compared with the result without using the EAFT. Cho et al. (b) studied the effect of the EAFT with a filter, and each individual test lasted for 40 hours.
The results showed that the overall heat transfer coefficient decreased 6% and pressure drop increased 75% compared with the initial state by using the EAFT. Meanwhile, without any treatment, the heat transfer coefficient decreased 29% and the pressure drop increased 132% from the initial state. Cho & Choi () conducted a fouling test in a once-through flow system with a single-tube heat exchanger and found that the EAFT reduced fouling resistance by 20-38% at a flow velocity between 0.52 and 0.78 m/s. At the same time, the SEM photographs obtained support the validity of the EAFT in mitigating precipitation fouling. The experimental study of Xing et al. () showed that the EAFT could prolong the delay time of fouling effectively.
On this foundation, an extensive study was carried out by Kim & Cho () by using a solenoid-coil device with filtration, the experiment finally confirmed that the fouling resistances in the water treated by the EAFT are significantly less than those with no-treatment. The experimental study of Wang et al. () showed that 90% of the scale inhibition rate can be obtained using the EAFT when the frequency is 1 kHz. Zhang et al. () studied the effect of the EAFT with a closed cooling tower and found that the fouling resistance in the case with and without EAFT increased by 7.51 and 25.14%, respectively, at the end of 214 h of tests. These tests demonstrate that the EAFT treatment can effectively reduce precipitation fouling in actual heat exchangers. Accordingly, the objective of the present study is to explore how winding diameters, the numbers of turns and frequencies affect the current in the solenoid coil wrapped around the carbon steel pipe. Peak current is obtained by measuring the voltage using the method of series resistance.
The changing trend of the magnetic induction is also described. The results of this study show that the variation of the current was affected by various factors and provided design guidance for the power supply.
EXPERIMENT FACILITY AND METHOD Facility
The solenoid coil was wound outside the pipe and connected with the power supply. When the water flows through the coil, the scaling ions dissolved in the water can be treated to produce insoluble calcium carbonate crystals so as to achieve the purpose of scale inhibition. Figure 1 shows a schematic diagram of test facilities, which consists of an EAFT control unit, three carbon steel pipes with different diameters, some wires, series resistance and an oscilloscope.
The EAFT control unit produces square wave voltage, and the frequency ranged from 2 to 27 kHz. Carbon steel tubes with different diameters were used in the experiment.
The wire was tightly wrapped around the carbon steel pipe to form a solenoid coil, assuming that the diameter of winding coil was the diameter of the carbon steel pipe. The According to the voltage difference between the two ends of series resistance and the value of resistance, current in the circuit can be calculated by:
where U is the voltage difference between the two ends of series resistance, and R is the value of resistance.
In this paper, the property of magnetic induction will be analyzed. Therefore, the center point of the winding coil was selected for analysis.
The magnetic induction in the midpoint of the solenoid coil can be calculated by:
where μ 0 is magnetic permeability, l 0 is the length of solenoid coil, r 0 is the radius of solenoid coil, n is the number of turns of solenoid coil. Thus, the change rule of the magnetic induction in the midpoint of the solenoid coil can also be obtained.
This experiment set the output voltage of the EAFT control unit on 9.6 V, and the frequency ranged from 2 to 27 kHz. The diameters of the three different carbon steel pipes were D160, D200 and D300 mm. The original series circuit with a resistor will certainly cause a certain impact on the current of the circuit. Also, when the value of series resistance increases, the current of the circuit measurement effect becomes larger. When the number of winding turns increases, the resistance of the coil increases, and the effect of the external series resistance on the current in the circuit becomes less.
The measurement of coil winding with 30 turns, the diameter of D160 and D300 mm were measured by using the resistance of R ¼ 1.18 and R ¼ 2.43Ω, respectively. measurement experiment, the resistance R ¼ 1.18Ω was used in order to reduce the error. Meanwhile, the value of resistance is assumed to be a constant value because there is little variation with frequency. This paper has only discussed the influence of the factors on the current. The research on reducing the influence of series resistance on current will be described in future research.
RESULTS AND DISCUSSION
Figures 4-9 respectively show variations of current and magnetic induction with respect to frequency, turns, and diameter.
Effect of changes in current and magnetic induction with respect to frequency
The current of the circuit with the series resistance changes with frequency at different numbers of turns wrapped around carbon steel pipes. The diameters of the carbon steel pipes are 160 and 300 mm, respectively, as shown in Figure 2 . Both panels in Figure 4 show that the current gradually decreases as the frequency increases and the drop amplitude of current decreases with increasing frequency. For example, in the case of 30 turns coil winding around the diameter of D160 mm carbon steel pipe, the current decreases from 4 to 2 A as the frequency increases from 2 to 27 kHz. When the frequency increases from 2 to 5 kHz, the current decreases from 4 to 3 A. While the current decreases from 3 to 2 A, the frequency increases from 5 to 27 kHz. In different diameters and different numbers of turns, the current shows the same variation tendency. The main reason for the change may be that the total impedance is increased with increasing frequency, and as frequency is continually increased, the effect of frequency on total impedance becomes stable. Figure 5 shows the effect of frequency on the magnetic induction. Both panels in Figure 5 show that the magnetic induction gradually decreases as the frequency increases, many factors, among which the current is the main factor, and the current is proportional to the magnetic induction.
Effect of changes in current and magnetic induction with respect to number of turns Figure 6 shows the effect of numbers of turns on the current.
As shown in Figure 6 , the current in different frequencies of is that the increased impedance with the increasing diameter of the pipe is proportional to the diameter of the pipe. Figure 9 shows the magnetic induction change with diameter in different frequencies. It is seen from Figure 9 that the magnetic induction decreases with the increasing of diameter. In other words, just as the number of turns has effects on the current, the diameter increase will cause the magnetic induction to decline. The magnetic induction is influenced by various factors, and the influence of the winding tube is not linear. The difference between the magnetic induction caused by the change of diameter is not kept constant when the frequency changes, which is different from current trends. This performance is the same as in different turns of the coil as shown in Figure 9 .
Through the above research, the current is affected by factors such as frequency, turn number, diameter and so on. Magnetic induction is more complex than current.
More factors need to be considered in order to determine the specific trends. 
